Abstract: Existing 3D MEMS-based optical switches offer good optical properties (low insertion loss, low crosstalk), high reliability and low power consumption. These switches utilize highly reflective micro-mirrors to manipulate an optical signal inside the switch directly without any conversions. They are used to build dynamically reconfigurable, highly-scalable physical optical network layer. As indicated by the simulation results of this paper, many of existing micro-mirror designs do not have their dynamic characteristics well optimized and this limits the switching speed of the optical switch. In a 3D MEMS switch, the coupling between the mechanical structure (micro-mirror) and electrostatic field (electrodes) results in dynamic coupled rotation of the micro-mirror about its axes, known as the cross-axis coupling effect. The coupling nature of micro-mirror rotation makes its control difficult. In this paper, we present the simulation case studies and a simple optimization technique leading to decoupled rotation of the micro-mirror about two perpendicular axes. This helps to reduce the switching time of the switch while keeping the same manufacturing process and only minimal design changes.
Introduction
crosstalk, polarization and wavelength insensitivity, bitrate and format transparency, and integrated fabrication of optical, electrical and mechanical structures on a single chip, wide spectral bandwidth (1250-1650nm) the MEMS technology provides significant advantages over others [3] . MEMS technology [4, 5] is in line with an energyefficient design of core networks [1, 6] .
The optimal configuration for 3D switches (mutual position of micro-mirror arrays, their distance, etc.) was studied in the past and several solutions were proposed [7] [8] [9] [10] . Similarly, the static and dynamic characteristics of individual micro-mirrors were analysed [11] [12] [13] [14] [15] . Nevertheless, the cross-axing effect is rarely discussed. The understanding of the complex dynamic behavior of the micro-mirror is very important for its design and for its motion control.
MEMS-based optical switching
From a technological point of view, optical MEMS-based optical switches can employ movable micromirrors as basic switching element, or movable directional couplers [16] . In this paper we take into consideration only 1D, 2D or 3D MEMS-based optical switches with the focus on the 3D architecture. These switches use micromirrors of diameter of the order of some hundreds of micrometers for optical beam switching between input and output ports.
1D MEMS-based switches
The 1D MEMS-based wavelength-selective switch integrates optical switching with DWDM demultiplex-ing and multiplexing [17] . The input DWDM signal is separated by a disperse element into its constituent wavelengths. Each wavelength is directed by an individual micromirror to the desired output fiber where it is combined with other wavelengths. When integrated with a disperse element the 1D MEMS array requires only one micro-mirror per wavelength. 1D mirrors are tilted at a small angle using openloop control. The force to tilt a mirror can be generated by an electrostatic field. 1D MEMS-based wavelength switching structures offer scalable solutions with very good optical properties and economical acceptance. 
2D MEMS-based switches
The optical 2D MEMS switch is switch, where micromirrors have only two states, ON and OFF [18] -micromirror can be inserted/removed into/from the optical path (Figure 2) . It is obvious that the binary control can be simply and easily realized by digital circuits. Typically, mirrors in 2D switches are arranged in a planar N × N crossbar architecture on a silicon substrate. This has the advantages of strict non-blocking routing (i.e., any input can be connected to any idle output without conflict) and simple control algorithm. However, it requires N 2 mirrors and allows the loss inducted by optical beam divergence to be tolerable. The number of mirrors increases considerably with N. The distance between mirrors is proportional to the mirror radius, which increases the switch area significantly with the number of input/output ports. Hence, it only allows up to 32 × 32 switch fabrics. Implementations beyond 32, or even 16, are complex and inefficient (e.g., a 32-port switch requires 1024 mirrors, of which only 32 are ever in use at any given time). Additionally, the optical path length, and therefore the optical loss depends on which ports are involved. To build large-portcount switches, multistage 2D MEMS with Benes architecture have been proposed [19] .
3D MEMS-based switches
The 3D architecture typically employs two arrays of mirrors, each aligned to an array of collimated input or output fibers. This requires the use of 2N mirrors for N ports, considerably less than 2D architecture. Figure 3 shows an example of an implementation of a 3D optical MEMS switch. The switch consists of an input fiber array, an input lens array, two parallel MEMS mirror arrays in 3D space, an output lens array, and an output fiber array. Each input fiber directs light to a mirror on the input array while the input mirror steers the optical beam to any output mirror which, in turn steers the light to an output fiber. Due to the symmetrical design, both input and output mirrors require the same deflection capacity. Uniform lens arrays with optimized focal length are used to collimate the beams in and out of the arrays of fibers. The Fourier transform lens placed between the micromirror arrays (in the Figure 3 not shown) allows for several advantages: lower maximum angle requirement, smaller micromirror size, greater tolerance to micromirror curvature, and lower switch crosstalk [20, 21] . Other configurations and improvements of the switch structure are also possible. The configuration from Figure 4a was used by Fujitsu in their optical switch [22] . The toroidal concave central mirror as the optical Fourier transform element can be utilized also [10] (Figure 4b ). 
Multiphysics model of the cross-connect
Various 3D MEMS switch configurations have one thing in common: they require micromirrors with the ability to rotate about two independent axes -see Figure 5 . The micromirror is gimbaled on two pairs of serpentine springs, which are connected by the frame around the micromirror. This allows to rotate along two orthogonal axes and to steer the optical signal into free space. Actuation of the mirror is typically carried out by electrostatics, where electrodes underneath the mirror form a capacitor with the mirror itself. In this paper we have used the multi-physics model according to [23, 24] . Similar results can be obtained by using simplified model from [25] . The multi-physics model of electrostatically-actuated cross-connect in volves three physical areas -the solid mechanics, electrostatics and gas dynamics -see Figure 6 . Simultaneous coupling between these physical areas can model all essential processes during micromirror switching to another position. As one can see in Figure 6 , the control circuits of the cross-connect generate driving voltage, which is applied to the electrodes (to satisfy the external request to establish the connection between input and output port of the switch). This creates the electrostatic field between electrodes and the micro-mirror. As a result, the electrostatic force acts on the mechanical structure and the micromirror is attracted towards electrodes. This situation is illustrated in the Figure 7 . Figure 7 visualizes the intensity of the electric field in the z-direction and also the isolines of the electric potential and the streamlines of the electric field intensity. The electric field is calculated by using Poisson differential equation in three-dimensional space.
As the micromirror moves, the geometry is changed and therefore the electrostatic field and acting electrostatic force are changed as well while the same driving voltage is applied. Moreover, the motion of the micromirror, i.e. the geometry change generates the movement of the fluid what backwards affects the motion of the micromirror (pressure on the micromirror surface). The resulting gas flow is visualized in the Figure 8 . The isolines and streamlines show the constant gas pressure and the gas velocity field, respectively. The gas flow was computed by using Navier-Stokes equations. In these figures we can observe how the gas is squeezed out of the space where the micromirror rotates towards the electrode and also turbulent flow near the micromirror edges.
The corresponding gas pressure is shown in the Figure 9. We can clearly see that surrounding gas acts against the motion of the micromirror. Thus, this leads to damped rotation of the micromirror. We have to note that in presented case studies (section 5) we have used linearized Reynolds equations (according to [23, 24] ) to compute the gas pressure on the micromirror surface in order to reduce computational complexity of the multi-physics model. Schematic view of the multi-physics model presented in the Figure 6 remains valid. The distribution of the gas pressure solved by the linearized Reynolds equations is shown in the Figure 10 . The solution process of the Reynolds equation requires the computation of the pressure distribution only on the micromirror surface instead of the whole gas-flow regime.
While the micromirror rotates towards the activated electrode, the kinetic energy is accumulated in the serpentine spring as a result of elastic deformation of the springsee Figure 11 . This generates restoring force which causes the micromirror to slow down as it moves away from the equilibrium position and to speed up as it approaches the equilibrium position. This leads to the damped (due to gas damping) oscillations of the micromirror around the equilibrium position.
Finally, the change of the capacitance between micromirror and sensing electrodes due to the change of the micromirror position is converted to the sensing voltage and used as a feedback to the control circuits of the crossconnect. The control circuits consequently realize the correction of the driving voltage with the aim to set the mi- cromirror in the required position as fast as possible. We have to note, that all mentioned interactions appear simultaneously. The described coupling between different phys- ical areas is reached simply through the boundary conditions of partial differential equations.
The control of the switch

The open-loop control
It was developed many approaches for the control of the mirror motion usually based on open-loop control because of practical difficulties with the feedback. In this case, the unique database of driving voltages for every individual mirror should be created. This allows to eliminate imperfections due to fabrication tolerances, and thus to maximize optical throughput of the switch [20] . Nevertheless, a step change of the voltage on the electrodes leads to damped oscillations of the mirror. Therefore, the correction unit (12) then shapes driving voltages with the aim to eliminate oscillations of the mirror and to make the transition process as short as possible. This approach was used e.g. in [8] . For simplicity and for robustness, we will use (in our case-studies -Section 5) the combination of low-pass and high-pass filters as the correction unit. 
The closed-loop control
Control over the tilt of the micromirrors allows for dynamic alignment of the mirror to the fiber. However, the substitution of open-loop control by the closed-loop control is a challenge. To take advantage of the benefits of 3D optical MEMS, it is necessary to provide a responsive closedloop control to position the micromirrors accurately. The basic diagram of closed-loop cross-connect controller is illustrated in Figure 13 . In the past, many efforts have been made to design closed-loop control of the cross-connect. Some approaches, ideas and results can be found in [26] [27] [28] [29] [30] . An alternative is to monitor the strength of output optical signal and to make the corrections. This is applicable only when both the mirrors are almost perfectly positioned. For instance, [27] uses the combination of open-loop and closedloop control.
Simulation of micromirror tilting -the case studies
In this section we show case studies of micro-mirror tilting. It is required to set the micro-mirror into the desired position in shortest time as possible. The desired position is determined by electrical voltages applied to the actuation electrodes -see Figure 5 .
Non-optimal design and Open-loop control
In this case study we will use the control scheme as presented in Section 4 A. We will shape the driving voltage by using a correction unit in order to suppress these oscillations (see Figure 12 ). Let's consider the cross-connect as it is given in the Table 1 , which has the first two natural frequencies of 486 Hz and 592 Hz, respectively, and applied voltages on one electrode as it is given in the Figure 19 , whereas other electrodes are set to zero volts. The response of the mirror is shown in Figure 15 . The correction unit was selected by the genetic algorithm, which has defined the objective function "to set the mirror in 2 (signal A), 4 (signal B) and 10 (signal C) milliseconds without oscillations" and one restriction that the correction unit can be composed from Bessel's filter and/or Butterworth's filter with order not higher than 4. We can clearly see that Signal A do not meet requirements of used objective function (mirror still oscillates around its stable position after 2 ms). The only Signal C satisfies all conditions. The time-avoided diagram of the mirror motion is shown in Figure 16 . From the angle-angle diagram of Figure 16 we can observe that the actual trajectory of mirror in cases of Signal A and Signal B is significantly deviated from ideal trajectory (which is the straight line from starting point towards stable point). 
Optimized design and Open-loop control
As we have shown in [25] , the micromirror motion is strongly affected by cross-axis coupling what results in poor dynamic behaviour. However, the balancing first two natural frequencies to be equal (they correspond to the micromirror rotation about x and y axis) significantly improves micromirror response. This situation is shown in Figures 17 and 18 . In this case, the natural frequency is set to 585 Hz for rotation about both axes (by using the elliptic micromirrors). Now, if we run the genetic algorithm again to find the best shape for Signal A, Signal B and Signal C, the shape of these signals differs very slightly from previous one, but the response of the micromirror is significantly improved. In this case, we can set the micromirror in 2, 4, or 10 milliseconds without oscillations as it was required.
Non-optimal design and Closed-loop control
The cross-connect uses a common electrodes to tilt the mirror about both axes. The controllable quantity is electric voltage on electrodes -V A , V B , V C , V D (see Figure 5) . Therefore, it is not possible to design and optimize two controllers for rotation about x and y axis independently, but the both rotations have to be considered. In our case study, we will consider the control scheme according to Figure 13 . The input to the controller are the desired angles for both x and y axis. The correction unit is composed from second-order low-pass Bessel's filter and first-order high-pass Butterworth's filter. Similarly to previous sections 5.1 and 5.2, the parameters of the correction unit was selected by the genetic algorithm with the aim to set the micromirror in 2 (signal A), 4 (signal B) and 10 (signal C) milliseconds. The control unit is designed according to [35] as proportional-integral (PI) controller.
Let's consider ϕx = 2 ∘ and ϕy = 1 ∘ as desired angles (this leads to activation of voltages of V A and V B ). The resulting voltages applied on the cross-connect electrodes (after control unit and correction unit) are shown in following Figure. The response of the mirror in closed loop control is shown in Figure 20 . The time-avoided response in rotation about both axes is shown in Figure 21 .
From the response of the mirror we can observe that closed-loop control helps to reduce oscillations of the mirror (comparing to non-optimal mirror under open-loop control -Section 5.1). Nevertheless, the switching time of 2 ms (Signal A) was not achieved and mirror oscillates around ±7% of its final value with decreasing tendency. The oscillations of Signal B after 4 ms are still not acceptable even they are dramatically reduced. The only Signal C meets all requirements.
Optimized design and Closed-loop control
Similarly as in the section 5.2, if we balance first two natural frequencies of the cross-connect to be equal, run the genetic algorithm again to find the parameters of correction unit, and tune the parameters of the con-troller, then we get the response as shown in Figure 22 and Figure 23 . In this case, we can set the micromirror in 2, 4, or 10 milliseconds without significant oscillations as it was required. 
3D MEMS micromirrors in praxis
As we have seen in previous section, the first two natural frequencies of the micromirror are very important parameters. If they are equal, the cross-axis coupling effect can be suppressed. Nevertheless, many of the existing 3D micromirrors have these frequencies unbalanced. For instance, the heavy gimbal structure used by NTT Microsystem Integration Laboratories [36, 37] significantly shifts the second natural frequency of the micromirror to lower frequencies, as it can be clearly seen in step responses about the x and y axis presented in [36] . A newly developed 512×512 MEMS switch reported in late of 2012 [10] utilizes these micromirrors. Similarly, the well known micromirror designed by Bell Labs [21, 38] (Lucent Technologies, currently Alcatel-Lucent) and used in WaveStar Lambda Router has the same drawback. Another micromirror presented in [39] has natural frequencies in rotation about the x and y axis equal to 175 Hz and 394 Hz, respectively. The single-crystal silicon micromirror developed by Intellisense uses a heavy gimbal structure as well. It can be clearly seen from the dynamic response of the mirror presented in [40] that natural frequencies in rotation about the x and y axis are not matched. More preciselly, the first two modes are placed at 75 Hz and 187.5 Hz [40] . On the other hand, Glimmerglass developed a micromirror which uses a dramaticaly reduced gimbal structure [9] by comparing other solutions, and thus we can supposethat the natural frequencies will be similar (or equal). It is not clear whether they are using an elliptic micromirror (instead of circular) to equalize the moment of inertia about both axes or different serpentine springs (with different spring constants) resulting in the same natural frequencies. It should be noted that some designs use elliptic micromirrors to improve the optical properties of the photonic switch (due to mutual position of micromirror arrays and fiber arrayssee Figure 3 -the elliptical micromirror appears to be circular to the light coming from the fiber array). For instance, Intellisense uses an elliptical micromirror [40] , but in this case, the micromirror is prolonged in the way that natural frequencies are even more disbalanced.
Conclusion
Proposed optimization technique optimize the dynamic behaviour of the the micromirror, and thus it can decrease switching time of the switch. This is achieved by using eliptical micromirror in that way that the first two eigenfrequencies of the micromirror are equal (they correspond to the rotation of the micromirror about its axes). It allows for the synchronization of the motion of the mirror about both axes and thus reducing negative effects of cross-axis coupling. Moreover, this also improves optical properties of the switch when micromirror arrays are correctly oriented inside the switch. The presented case studies compare the behaviour of non-optimized and optimized cross-connect under open-loop and closed-loop control. For instance, in presented case studies we were not able to switch nonoptimized micromirror into new position within 4 ms, but after the optimization, the switching time approx. 2.3 ms was achieved.
